ABSTRACT
INTRODUCTION
Pluripotency is established and maintained by the cooperation of transcription factors (TFs), epigenetic factors and signaling pathways. A handful of TFs have been found to play pivotal roles in pluripotency maintenance over the past decade (Niwa, 2018) . A core trinity of those TFs is Oct4, Sox2, and Nanog (OSN). Genetic loss-of function studies identified genes that directly or indirectly interacted with OSN are also essential for pluripotency，which include Sall4, Foxd3, Esrrb, Tbx3, Nr5a2, Dax1, Prdm14, Stat3, Myc family members, and Krüppel-like family members (Loh et al., 2015) . Although considerable progress has been made on TFs network of pluripotency, the picture of pluripotency regulation is still not fully understood.
The E26 transformation-specific (ETS) genes constitute a large family of TFs and can be divided into five subfamilies, including ETS, ERG, ELG, TEL, and PEA3. The PEA3 subfamily is composed of Etv1, Etv4 and Etv5, which share a conserved ETS domain and two transactivation domains. Etv5, also called ets-related molecule (ERM), functions essentially in kidney development, lung development, and reproduction (Findlay et al., 2013) . Etv5 is also an important member of TFs network anchored on OSN in mouse embryonic stem cells (mESCs) (Zhou et al., 2007) . However, the exact roles of Etv5 in pluripotency regulation have been elusive for a long time until recently. Etv5, as well as Nr0b1, was proposed as the early regulator of somatic reprogramming (Lujan et al., 2015) . We previously found that Etv5 could remarkably promote the efficiency of generating induced pluripotent stem cells (iPSCs) when combined with Yamanaka factors and facilitate mesenchymal-epithelial transition (MET) through Tet2-miR200s-Zeb1 regulation axis (Zhang et al., 2018a) .
Unexpectedly, Etv4 and Etv5 appeared to be dispensable for maintenance of mESCs undifferentiated state. Etv4 and Etv5 double knockout (Etv4/5 dKO) did not affect the expression of Oct4 and Nanog in mESCs. However, Etv4/5 dKO decreased the proliferation of mESCs and impaired ectoderm differentiation (Akagi et al., 2015) . By contrast, our previous study revealed that Etv5 knockdown (KD) could decrease the expression level of Tet2 and 5-hydroxymethylcytosine (5hmC) in mESCs and delayed the primitive endoderm (PrE) differentiation by downregulating Gata6 (Zhang et al., 2018a) . These findings suggest Etv5 may be engaged in the initiation of differentiation. However, the mechanism of initiating differentiation by Etv5 remains largely unknown.
Fibroblast growth factors (FGFs) and their receptor tyrosine kinases play critical roles in the early embryo development and pluripotency regulation. The FGF signaling pathway is activated by a ligand-receptor interaction which leads to the autophosphorylation of tyrosine residues in the intracellular region of a FGF receptor (FGFR) . Then the signal further activates four distinct pathways, including Janus kinase/signal transducer and activator of transcription (Jak/Stat) pathway, phosphoinositide phospholipase C pathway, phosphatidylinositol 3-kinase pathway, and mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway (Lanner and Rossant, 2010) . Much evidence has demonstrated that autocrine FGF4/ERK signaling is needed for mESCs to exit from self-renewal and initiate differentiation (Kunath et al., 2007) .
Tracing the expression of Fgfr1 and Fgfr2 in early mouse embryos found that both Fgfr1 and Fgfr2 were required to mediate FGF signaling during PrE development. In addition, A permissive function of FGF4/FGFR1 signaling was found to mediate exit from pluripotency (Kang et al., 2017; Molotkov et al., 2017) . However, the relationship between FGFRs and pluripotent TFs in mESCs is still unclear.
In this study, we investigated the interaction between Etv5 and FGF-ERK pathway in mESCs and found that blocking FGF-ERK pathway by MEK inhibitor PD0325901 downregulated the transcription of Etv5. By contrast, Etv5 KO reduced the pERK in mESCs.
Mechanistically, Etv5 KO enhanced the DNA methylation of Fgfr2 promoter by downregulate Tet2, which further reduced the expression of Fgfr2 in mESCs. Briefly, our findings revealed a positive feedback loop of regulating pERK in mESCs, which was mediated by Etv5-Tet2-Fgfr2 axis. Interaction between Etv5 and FGF/ERK pathway found in this study 6 / 35 will provide insights to understand the initiation of mESCs differentiation in vitro and lineage specification of embryo development in vivo.
RESULTS

Etv5 is a downstream target of FGF/ERK signaling pathway in mESCs
ETS transcription factors are often transcriptionally induced by FGF/ERK signaling during early embryo development (Lunn et al., 2007; Miya and Nishida, 2003; Willardsen et al., 2014) . We asked whether Etv5, one member of the ETS transcription factors, was a downstream target of FGF/ERK signaling pathway in mESCs as seen in early embryo (Fig.1A) .
As mESCs were treated with MEK inhibitor PD0325901 with different doses (0, 0.5, 1.0, 1.5, 2.0, 2.5 μM), the pERK was expectedly downregulated in mESCs as the dose of PD0325901 increased (Fig.1B) .
The expression of Etv5 mRNA in mESCs was also decreased as the dose of PD0325901 increased (Fig.1C) . These results indicate the transcriptional expression of Etv5 is positively regulated by pERK in mESCs. Furthermore, we investigated the time course change of pERK and Etv5 mRNA expression in mESCs which were treated with 1 μM PD0325901 for different hours (0, 3, 6, 9, 12h) . The pERK was decreased more dramatically as the mESCs were treated with PD0325901 for a longer time (Fig.1D ). The expression of Etv5 mRNA was correspondingly reduced as the pERK decreased in mESCs at distinct time point (Fig.1E) . Together, these results indicate that the transcription of Etv5 is activated by FGF/ERK signaling pathway in mESCs.
Decreased pERK in Etv5 KO mESCs
Then we asked whether Etv5 had a feedback regulation of FGF/ERK pathway in mESCs. Etv5 KO mESCs were generated by CRISPR/Cas9 (Table S1 ). The genomic sequence located in the exon 7 of Etv5 gene was deleted and validated by Sanger sequencing (Fig.2A) . Three Etv5 KO mESCs clones (B10, B13, and B23) were used for further investigation. Surprisingly, we found that pERK was all decreased in the Etv5 KO mESCs clones (B10, B13, and B23) when compared with wild type (WT) cell line J1. By contrast, Etv5 KO had no effect on the expression level of pan ERK (Fig.2B) . The pERK level of KO versus WT ranged from 13% to 70% (Fig.2C) . Collectively, these results suggest that Etv5 can regulate FGF/ERK pathway in mESCs with a positive feedback.
Phenotype relavant to decreased pERK in Etv5 KO mESCs
To study the impact of decreased pERK in Etv5 KO mESCs, we further investigated the phenotypes on proliferation, differentiation, and apoptosis.
FGF/ERK pathway is involved in stimulating cellular proliferation (Coutu and Galipeau, 2011) . So we asked whether decreased pERK caused by Etv5 KO could slow down the proliferation of mESCs. Growth curve assay showed that Etv5 KO mESCs clones proliferated at a slower rate when compared to WT mESCs (Fig.3A) . The proliferation defect of Etv5 KO mESCs is in line with our previous observation on Etv5 KD mESCs (Zhang et al., 2018a (Fig.3B) . The other pluripotent properties, including alkaline phosphatase activity, expression of Oct4 and Sox2, were compared and no difference was found between Etv5 KO and WT mESCs ( Fig.S1A-B) . As Otx2 restricts mESCs to differentiate into primordial germ cell-like cells (PGCLCs) (Zhang et al., 2018b) , the upregulation of Otx2 in Etv5 KO mESCs triggered us to examine whether Etv5 KO mESCs have a defect on PGCLCs differentiation. However, similar efficiency of PGCLCs differentiation was found between Etv5 KO and WT mESCs, indicating that Etv5 has little effect on the specification of PGC fate (Fig.S1C-D) .
Genetic loss of ERK can increase apoptosis in mESCs (Chen et al., 2015) . So we asked whether reduced pERK caused by Etv5 KO could also increase apoptosis in mESCs. The cells were stained with fluorescent dye Hoechst 33258 and intense signals were found in the nuclei of Etv5 KO mESCs when compared that with WT mESCs (Fig.3C-D Fig.S2A-B ). Taken together, Etv5 KO can lead to chromatin condensation, which may make mESCs prone to apoptosis.
( Fig.S2A -B)
Etv5 maintains pERK by positively regulating Fgfr2 in mESCs
To dissect the molecular mechanism of reduced pERK caused by Etv5 KO in mESCs, we analyzed our previous RNA-seq data for Etv5 KD in mESCs (Zhang et al., 2018a) and investigated the expression change of genes in FGF/ERK pathway and genes which dephosphorylate pERK (Fig.4A) . Interestingly, Fgfr2 and Fgfr3 were significantly downregulated in Etv5 KD mESCs when compared to nonsense control (NC) mESCs (FDR<0.001, |Fold change|>1.5) (Fig.4B , Table S2 ). Then we compared the expression abundance of Fgfr2 and Fgfr3 in mESCs and found that Fgfr2 was dominantly expressed in mESCs (Fig.4C) . Therefore, we focused on Fgfr2 and further validated this finding in Etv5 KO mESCs by RT-qPCR (Fig.4D) . The downregulated phosphorylation of Fgfr2 was also confirmed in Etv5 KO mESCs by Western blotting (Fig.4E-F (Rasmussen and Helin, 2016) , suggesting that TET2-mediated oxidization of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC) at Fgfr2 promoter should be helped by additional recruiters.
Whether Etv5 could recruit Tet2 to at Fgfr2 promoter needs to be investigated in the future.
In sum, our study offers a new paradigm of regulating ERK signaling pathway in mESCs through slow-acting positive feedback loop, which is mediated by Etv5-Tet2-Fgfr2 axis ( Fig.7A-B) . FGF-ERK signaling pathway plays fundamental roles in proliferation, differentiation, apoptosis, migration, and genome stability during development (Ornitz and Itoh, 2015) . However, aberrant activation of FGF-ERK signaling pathway often leads to tumorigenesis or carcinogenesis (Liu et al., 2018) .
Our findings in this study will provide useful clues to understand the cell fate determination during early embryo development and explore new strategies for cancer treatment.
MATERIALS AND METHODS
Cell culture
The J1 mESCs (ATCC) were routinely cultured on mitotically inactivated mouse embryonic fibroblast feeder layer with serum-containing mESCs medium. The serum-containing mESCs medium was composed of high glucose DMEM (HyClone) supplemented with 1000 U/mL recombinant mouse leukaemia inhibitory factor (LIF) (Millipore), 100 μM non-essential amino acids (NEAA) (Gibco), 1 mM L-glutamine (Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin (HyClone), 100 μM β-mercaptoethanol (Sigma), and 15% FBS (Gibco). For CRISPR/Cas9 KO experiment, the J1 mESCs were grown on 0.1% gelatin-coated tissue culture plates with modified serum-containing mESCs medium as we previously described (Zhang et al., 2018a) . The differentiation of
PGCLCs from J1 mESCs and Etv5 KO mESCs was carried out according to a protocol we recently reported (Li et al., 2019) .
Generation of Etv5 KO mESCs by CRISPR/Cas9
A double sgRNA was designed to target the exon 7 of Etv5 and cloned into the PX459M (Miaolingbio) .Then the designed CRISPR/Cas9 vectors were transfected into J1 mESCs using Lipofectamine 3000 (Invitrogen). After 24 hours, the transfected mESCs were treated with 1.5 μg/ml puromycin (Solarbio) for 48 hours and re-plated for single colony isolation. Individual colonies were picked up after five days' expansion and screened by genotyping PCR. KO colonies were further validated by Sanger sequencing. The sgRNAs's oligonucleotide sequences and primers for genotyping PCR are listed in Table S3 .
Western blot
The J1 mESCs and Etv5 KO mESCs were collected and lysed in RIPA containing 5% skim milk powder for 1 hour at room temperature. After that, membranes were incubated with primary antibody at 4°C overnight.
The next day, membranes were washed and then incubated with HRP-conjugated secondary antibody at room temperature for 1 hour.
Signals were detected by enhanced chemiluminescence (Tanon) according to the manufacturer's instructions. The antibodies used for western blot in this study are given in Table S4 .
RT-qPCR analysis
The total RNA of J1 mESCs and Etv5 KO mESCs was extracted with RNAsimple Total RNA Kit (TIANGEN) according to the manufacturer's instructions. Then, the total RNA was converted to cDNA using FastKing RT Kit (TIANGEN). For qPCR, the cDNA was amplified using a Real-Time PCR System (Bio-Red) with BioEasy Master Mix (BIOER).The primers of RT-qPCR used in this study are listed in Table   S5 .
Luciferase reporter assay
Fragments of putative Fgfr2 promoter and Etv5-motif-mutated Fgfr2 promoter were cloned into pGL3-basic reporter vector (Promega). The cloning primers are included in Table S6 . For the luciferase assay, the reporter vectors were co-transfected into HEK293T cells with pRL-TK (Promega) and Etv5 over-expression plasmid pTrip-CAGG-Etv5 using Dual Luciferase Reporter Gene Assay Kit (Beyotime). Firefly luciferase activity and Renilla luciferase activity were measured 48 hours after transfection by using Microplate luminometer (Hamamatsu). The ratio of
Firefly luciferase activity/Renilla luciferase activity was calculated and compared.
Flow cytometry analysis
The PGCLCs (5×10 5 cells) differentiated from WT and Etv5 KO mESCs were trypsinized and collected for flow cytometry analysis. The cells were resuspended in 30 μl PBS supplemented with Alexa Fluor 647
Mouse anti-SSEA1 (1:200, BD Biosciences) and FITC anti-mouse/rat CD61 (1:500, Biolegend) and incubated at 4℃ for 30 minutes. Then the cells were washed twice in 1 ml PBS with 10% FBS and examined on a BD FACSAria™ III cell sorter (BD Biosciences).
Alkaline phosphatase staining
The WT and Etv5 KO mESCs were fixed with 4% paraformaldehyde (Sigma) at room temperature for 10 minutes. Then the cells were washed with PBS three times and incubated with alkaline phosphatase staining solution as we previously described (Zhang et al., 2017) . The images were finally taken and recorded under microscope (Nikon).
Apoptosis relevant staining
For investigation of chromosome condensation, WT and Etv5 KO mESCs cultured in 6-well plate were washed with PBS three times and incubated with Hoechst33258 (1 ml/well, Wanleibio) for 20 minutes in the incubator (37℃, 5% CO 2 ). After that, the cells were washed with PBS three times and images were taken and recorded with EVOS FL Imaging System (ThermoFisher Scientific).
For investigation of the early apoptotic markers, WT and Etv5 KO mESCs (~2×10 5 cells) were collected and resuspended with 1×Binding
Buffer containing Annexin V-FITC/PI (Sigma). The cells were incubated at room temperature in the dark for 5 minutes. Then the cells were collected by centrifugation and resuspended in 1×Binding Buffer for glass slide smear. The images were finally taken and recorded with EVOS FL Imaging System (ThermoFisher Scientific).
Bisulfite Sequencing
Sodium bisulfite modification of genomic DNA (500 ng) of WT and Etv5
KO mESCs was performed according to the instruction of EZ DNA Methylation-Direct TM Kit (Zymo Research). Methylation specific PCR for a fragment of Fgfr2 promoter was carried out as we previously described (Zhang et al., 2018a) . The primers used for methylation specific PCR are listed in Table S6 . Final PCR products were sequenced and analyzed with BiQ Analyzer.
Immunofluorescence
WT and Etv5 KO mESCs were fixed with 4% paraformaldehyde (Sigma) for 20 minutes at room temperature. Then the cells were blocked in PBS containing 0.5% Triton X-100 and 0.1% bovine serum albumin (BSA) for one hour. After that, the cells were incubated with primary antibodies at 4°C overnight and followed by incubating with fluorophore-conjugated secondary antibody for one hour at room temperature. The antibodies used for immunofluorescence are listed in Table S4 . Finally the cells were stained with DAPI (ThermoFisher Scientific) and images were taken by EVOS FL Imaging System (ThermoFisher Scientific).
Cell proliferation assay
WT and Etv5 KO mESCs with the same cell number (1×10 4 cells) were initially seeded into 24-well plates and thereafter counted every day. A total of five days were recorded. The growth curve was drawn and compared.
Bioinformatics analysis
The RNA-seq data of Etv5 KD mESCs versus WT mESCs (SRA accession number, SRP111429) were used for bioinformatics analysis in this study. Briefly, the filtered reads were mapped the mouse reference mESCs ChIP-Seq data of H3K4me3 (GSM1385046, GSM2165937, GSM2052271) and TET2 (GSM2065691) were used for integration analysis. The toolkit for Cistrome Data Browser was used for predicting transcription factors and chromatin regulators which bind to a specified genomic interval (Zheng et al., 2019) .
UCSC Browser and WashU
Browser were used to show peaks enrichment at a given genomic locus.
Statistical analyses
One-way analysis of variance (ANOVA) with Dunnett's multiple comparisons test was used in this study. Software GraphPad Prism 7.0 was used for the statistical analysis, and data are presented as means ± SD. *P<0.05, **P<0.01, ***P<0.001. (E) Western blot of pFGFR2 in WT J1 mESCs and Etv5 KO clones.
GAPDH is used as internal control.
(F) Relative pFGFR2 signal intensity in WT J1 mESCs and Etv5 KO clones. (chr7:130,264,821-130,266,989) . The diagram of cloning putative Fgfr2 promoter into luciferase (Luc+) reporter plasmid pGL3 is also shown.
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